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Landauer Coherent Conduction

T=1

T=0

Tii= transition probability 

       in the ith transverse channel

At the nanoscale, conductance is scattering...



Superexchange



Looks Like Tunneling

Finite probability of 
moving through barrier

Greater probability for E 
close to V0.

Wavefunction falls off 
e-!x

(Almost) Everything is Particle-In-A-Box...

! =

!
2m(V0 ! E)

!2

What are “normal” ß values?



Exponential Dependence

In Vacuum
~3–5 Å-1

Insulating 
(alkanes, protein, etc.)
~0.8–1.2 Å-1

Conjugated 
(alkenes, alkynes...)
~0.2–0.5 Å-1

What are “normal” ß values?

Gray, Winkler, PNAS 2005 vol. 102 p. 3534-3539
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Hopping: Activated Transport

“Pay the Boltzmann Price”

D A

B1 B2 B3

1/R dependence

Ae!Ea/kbT



Superexchange to Hopping

PNAS 2005 (102) p. 3540-3545



Marcus Theory

kCT = Ae!(!G0+!)2/4!kbT

What is the maximum rate?
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Marcus Inverted Region



Experimental Proof: Inverted Region Exists

Miller, et. al. JACS 1984 106 p.3047.



QM Treatment of Marcus Theory

X  (                               )

From Rossky lecture:

same energy term in the right potential. ER
0
and EP

0
are

respectively the energy origins for these states. They are

characterized by the force constant fl for the lth mode, whose

displacement origin is qR,l and qP,l in the reactants and products,

respectively.

This Hamiltonian is called the spin-boson model or the

polaron model; it consists of two electronic states coupled with

a large number of vibrational levels, which can be either

quantum mechanical or classical. This model Hamiltonian has

led to a great deal of analysis, and a number of attractive and

useful forms for the rate constant have emerged.2-10,42 If one

specifies, in addition to the classical solvent motions, one

coupled vibration characterized by frequency ! and the equi-

librium displacement !qe, one can define the intramolecular
reorganizational energy for this mode as

This can, in turn, be related to a related dimensionless quantity,

the electron vibrational coupling constant or Huang-Rhys
factor, as defined in eq V.7; µ is the reduced mass.

The generalization of eq III.9 for nonadiabatic ET for one

coupled mode with p! . kBT, then becomes35

This rather complex looking expression can be fairly easily

understood. The terms in front of the Franck-Condon (FC)
factor are the frequency of electron transfer in the absence of a

barrier; this contains HRP and the classical density of states.

The Franck-Condon factor itself consists of the sum over all

possible vibrational overlap integrals between the initial vibra-

tional level V and the final level V!. Each individual V! represents
a separate V ) 0 f V! reaction channel. Each separate

exponential term in the sum is the population of molecules in

the assembly having the required energy to undergo electron

transfer with energy conservation through channel V ) 0f V!.
The sum is dominated by channels for which |!G0| ! "0 +
V!p!, so there is a close energy match between the energy
released (!G0) and the sum of the reorganization energy and

the initial product vibrational energy (V!p!).
The quantal form of eq V.9 predicts a population in the

product electronic state; additionally, it predicts that the exo-

ergicity |!G0| is distributed among the states of the quantum
oscillator, with each final state V! having relative population
SV!/V!!. Very recent work70-73 has detected vibrationally hot
products following very rapid (picosecond) ET; such observa-

tions as well as vibrational levels, will permit more precise,

quantitative theoretical formulations and detailed understanding

of ET processes.

The form of (V.9) must be generalized when thermally

excited, or otherwise excited, initial states are involved; closed

form expressions similar to (V.9) emerge, but with sums over

initial vibrations and FC factors between vibrationally excited

reactant and product.35 Very recent work in metal carbonyl

charge transfer species has directly observed ET from specific

vibrationally excited states.71

In eq V.9 it is assumed that the vibrational spacings and

frequencies are the same before and after electron transfer.

Changes in frequency in solvent modes are included in !G0.
The result in eq V.9 can be generalized to include thermal

populations above V ) 0 in the reactants; this introduces an

additional temperature dependence. It can also be generalized

to include many coupled vibrations explicitly.2-10,42 This is

often unnecessary. In the classical limit, individual reorgani-

zational energies add up to give the "i of (V.2) (see section X).
Similarly, it has been argued by many workers, and appears to

be generally true, that the effects of quantum behavior can be

subsumed by treating only a few modes quantum mechanically

by mode averaging. Those few modes can represent averages

of many contributions42 With mode averaging, vibrations in a

frequency range are averaged to give an averaged mode of S,

and effective frequency,

Appropriate grouping of the coupled vibrations allows for an

accurate representation of their contributions, but resonance

Raman spectroscopy permits74-78 the mode by mode evaluation

of " (see section VII).
The single mode expression of eqs V.8 and V.9, along with

its generalizations, cures most of the important inadequacies of

the classical limit formula III.9. In particular, the temperature

dependence is now correct: at low temperatures, with "0
negligible, quantum mechanical nuclear tunneling dominates and

the temperature dependence is essentially flat. At high tem-

Figure 8. Schematic one-dimensional representation of the intersection
between reactant and product vibrational levels. The optimal overlap
of the V ) 0 initial vibrational level is with the V! ) 9 product level.
Reproduced with permission from: DeVault, D. Quantum Mechanical
Tunneling in Biological Systems; Cambridge University Press: Cam-
bridge, 1984. Copyright 1984 Cambridge University Press.
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 Reorganization Energies

! = !outer + !inner

MoleculeEnvironment
Solvent

e.g., Rossky lecture
e.g., $(vibrational modes)
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Marcus-Hush Charge-Transfer Theory

Cation

Neutral

Nuclear Configuration

Energy

"%

Change in electronic structure
! (neutral ⇒ charge)

Change in geometry
! reorganization of bonds, 
! & environment

Consider h+ or e- transfer:

A+ + B ! A + B+
A! + B ! A + B!

kCT = Ae!(!G0+!)2/4!kbT



Reorganization Energies: Geometric Relaxation
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Intermolecular Interaction:
Orbital Splitting Energies

2ß

Note: electronic coupling has 
exponential fall-off

For self-exchange:

k =
!

!

"kbT
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Alternate View of Hab



Outline

Superexchange

Basic Hopping

Metallic Transport (e.g., Drude Model)

Coulomb Blockade

Kondo Effect

Negative Differential Resistance

Electron-Vibrational Effects



Metallic Transport:
 “Electron Sea” Model of Metals
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Evolution of Band Structure
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Hutchison, et. al. Phys. Rev. B 2003 68 no.035204.



Interpretation of Band Diagrams

! "

trans-cisoid-polyacetylene

Diagram shows energy as 
a function of Brillouin zone

Broad bands: delocalized

Thin bands: highly 
localized (e.g. S atom)

Direct band gap

Curvature of bands: 
effective mass of h+ or e-

! "

S

S

n / 2n

Hutchison, et. al. Phys. Rev. B 2003 68 no.035204.



3D Band Structure: Possibly Anisotropic



Drude Model

Limit on e- 
conductance is 
scattering

Treat as “electron gas”
of non-interacting 
electrons

Collision between e- 
and positive ions, 
creates “drag” !

m
d

dt
!!v" = q !E # "!!v"

steady state:

!!v" =
q"

m
!E = µ !E

F = ma

! = m/"



Effective Masses

1
m! =

!
d2!
dk2

"

!2

F = ma

F = qE

a =
1
!2

· d2!

dk2
qEfrom quantum mechanics: 

simplifying...

!!v" =
q"

m
!E = µ !E

from Drude model...



Comparisons of Effective Masses

Material Hole Electron

Si 0.56 1.08

Ge 0.37 0.55

P(Thio) 0.14 0.15

P(Pyr) 0.21 0.24

Hutchison, et. al. Phys. Rev. B 2003 68 no.035204.

(unit is fraction of electron mass)
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Coulomb Blockade

V
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RuRu

Source
(Pt)

Gate (Al)

Vg

Gate Oxide (Al2O3)

Source DrainMolecule

Capacitance

We saw this already...



Coulomb Blockade in [Ru2(tppz)3]+4
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Charge passes when source, drain 
and molecule bridge electronic 
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molecule bridge electronic states 

are above or below
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Coulomb Blockade I/V Curves
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Be Careful... Multiple Coulomb Blockade?

By changing the gate voltage (V g) of the SET with a single
molecule in the nanogap in small steps from 24.3 V to !4.3 V
while measuring the source–drain current–voltage characteristics
(I s-d–V s-d) at each step (Fig. 2), we were able to probe eight different
transmitting (open) states of the SET. This is summarized in Fig. 2a,
where the differential conductance (dI s-d/dV s-d) of the SET is
plotted in colour code as a function of the gate voltage (Vg) and
source–drain voltage (V s-d). The dark diamonds in Fig. 2a corre-
spond to zero-current regions, where the low bias transport is
blocked. Not all of the dark diamonds are complete, because the
measurements were taken in a limited V s-d range of ^75mV (at
higher source–drain voltages the sample was unstable, possibly
owing to the switching between different molecular confor-
mations).

Two features emerge from the data set: (1) all diamond edges (the
lines separating transmitting and closed regions) are straight and
possess only two characteristic slopes, one positive and one nega-
tive; and (2) contrary to cases where SETs are dominated by
Coulomb charging alone, the zero-bias open states are distributed
in a non-equidistant way along the Vg axis, implying that effects
other than simple Coulomb charging dominate the properties of

our device. AroundV g < 0 these states clearly appear in bunches of
two.
The linearity of the diamond edges allows us to express the

electrostatic interaction between the molecule and gate and lead
electrodes in terms of three effective capacitances (C s, Cd, Cg,
Fig. 1a). This is known as the capacitance model15,16. We note that
linear diamond edges have also been observed in other experiments
with gated molecules7,8. The data in Fig. 2a show that the same set of
capacitances characterizes the SET for all charged states of the
molecule. This in turn proves that we are dealing with a systemwith
just two tunnelling gaps—that is, with only onemolecule connecting
the source and drain electrodes—because a system with more
than one quantum dot always has more than two characteristic
slopes17.
To further investigate the second feature of our data, we use the

capacitancemodel introduced above to extract the energies required
to add an extra charge to a particular molecular ion. According to
the theory of SET operation15,18, the molecule can pass charge
through the SET at every open state of the transistor by switching
between two states with charge (n ! 1)e and ne, where e denotes the
electron charge (21.6 £ 10219 C). The corresponding open state

Figure 2 Experimental results. a, Measurements of the differential conductance
(dI s-d /dV s-d) as function of V s-d and V g. All red lines, and all blue lines, have identical

slopes, as discussed in the text. The full solid line at the top of the figure shows a

representative I s-d–V g trace. b, Examples of current–voltage curves I s-d–(V s-d) for a

single OPV5 molecule obtained at different gate potentials V g (temperature T " 4.2 K).

Curves are shifted vertically for clarity.

Figure 1 Device and experiment. a, Molecular structure of OPV5 and schematic experimental set-up. b, Schematic representation of the device preparation procedure.

letters to nature

NATURE |VOL 425 | 16 OCTOBER 2003 | www.nature.com/nature 699© 2003        Nature  Publishing Group

How do you know this is one molecule?

Nature (2003) 425 p. 698-701


